OFDM (orthogonal frequency division multiplexing) with MIMO (multiple-input multiple-output) scheme, called MIMO-OFDM, has been viewed as a viable means to achieve high user information rates and was deployed in the downlink of the UTRA LTE (UMTS Terrestrial Radio Access Long Term Evolution). The potential maximization of transmitted data rates shall be strived for by spatial multiplexing. In particular, high data rates in the downlink have been considered desirable. Also, in view of an efficient implementation, the downlink requires a thorough assessment. Therefore, the authors will thoroughly consider the theoretical performance of data detection techniques for spatial multiplexing in the UTRA LTE downlink in this communication. Setting out from a discrete-time system model, a generalized model for the evaluation of the signal-to-noise ratio (SNR) at the data detector output will be introduced and applied to the performance evaluation of both linear as well as V-BLAST (Vertical Bell Labs Layered Space Time) data detection techniques. Furthermore their performance will be compared with theoretical bounds of the matched filter and the maximum-likelihood (ML) receivers. It will show that the performance of successive interference cancellation (SIC) based data detection techniques for MIMO-OFDM is beneficial.
Introduction
Owing to its inherent flexibility and its attractive implementation potential, OFDM (orthogonal frequency division multiplexing) becomes a preferred candidate for the downlink of the evolved UMTS [1] , [2] . In order to facilitate high user data rates which are required for the realization of wireless multimedia, the combination of OFDM with MIMO (multiple-input multiple-output) antenna schemes has been considered as a preferred way forward. In particular, the Alamouti [7] related Tx diversity (TxD) MIMO scheme and the V-BLAST (Vertical Bell Labs Layered Space Time) [3] technique related spatial multiplexing scheme (SM) are seen as interesting concepts for this purpose and both deployed in UTRA LTE (UMTS Terrestrial Radio Access Long Term Evolution) system. TxD MIMO scheme usually promises high realibility of the data transmission, whereas SM scheme targets the maximization of the user data rate by multplexing different, mostly independent data streams into wireless communication channels simultaneously. SM scheme is usually deployed in the physical downlink shared channel (PDSCH) [8] . According to the attractive feature given by spatial multiplexing, data detection methods in spatial multiplexing in UTRA LTE downlink transmission scheme are focused in this communication and the potential system performance are evaluated. In order to limit additional implementation complexity, a maximum of two transmit and two receive antennas are taken into account.
The data detection in MIMO-OFDM with SM scheme can be done in various ways. The MIMO detector with highest complexity is the Maximum-Likelihood sequence detector (MLSD) which also servers as the theoretical bound for different spatial multiplexing receivers. Block linear equalizer (BLE) zero-forcing (ZF) and minimum mean square error (MMSE) give lower complexity detection solution with a performance loss in term of detection error probability. Well-known technique such as the V-BLAST provide an attractive error ratio performance with a combination of ZF equalization with successive interference cancellation (SIC) mode of operation [3] . Improvements can be achieved when using minimum mean squared error (MMSE) equalization instead of ZF equalization in the V-BLAST core. In this communication, the resulting receiver, termed SIC-MMSE receiver, will be proposed by the authors.
In what follows, complex base band notation will be used, deploying matrix-vector calculus, to setup system model and signal processing procedure in data detectors and furthermore to compare the their performance. Discrete-time variables will be denoted by vectors which are given as lower case characters in bold face italics. Matrices will be denoted by upper case characters in bold face italics. Complex values will be underlined. The remainder of this communication is organized as follows: Sect. 0 will present the system model underlying the analysis. Different spatial multiplexing detection techniques will be illustrated and analysed in Sect. 0. Simulation results will be presented in Sect. 0. Sect. 0 will conclude the manuscript.
System model
It has been known that MIMO schemes facilitate the maximization of data rates by deploying antenna arrays at both sides of communication systems. For this reason, T K , T K ∈ ¥ , transmitter (TX) antennas are deployed for
antennas. In SM, the overall achievable data rate at the TX is T K times the data rate of a single TX antenna transmitter. In what follows, a general system concept shall be presented. We will consider a single slot, i.e. a single OFDM symbol period, in a time transmission interval (TTI). Each data symbol is assumed to be taken from an M -ary symbol alphabet. Each TX antenna shall transmit the data symbols contained in the T K data vectors
which contain L data symbols each. The complete data vector comprising T K L elements is hence given by
Prior to the transmission, an L point IDFT (Inverse Discrete Fourier Transform) is applied to each data vector
, of (1) . With the IDFT matrix D , cf. e.g. [4] , pp. 78ff., the OFDM symbol vectors
with L elements each are formed. With (3), the complete SM-OFDM TX vector with T K L elements is given by
Assuming cyclic prefixes being removed at the RX input, the frequency domain received sample associated with
In (5),
is the l th diagonal element of the diagonal channel matrix
, which connects TX antenna T k with RX antenna R k . Owing to this structure of
, the subcarriers do not interfere, i.e. inter-carrier interference (ICI) is absent. With the subcarrier specific data vector
with the subcarrier specific channel matrix
and with the subcarrier specific noise vector
the received vector
associated with the l th subcarrier is given by
Note that according to (7), , l l H is not a diagonal matrix and hence, intersymbol interference (ISI) is immanent in the OFDM-MIMO transmission. However, it is a well motivated assumption that the data symbols contained in l d of (6) are mutually uncorrelated at the time of transmission. The data covariance matrix is given by
with d,TX E denoting the average energy of a transmitted data symbol.
Furthermore, we assume that l n represents thermal noise which is white and Gaussian distributed. Wth the single-sided power spectral density 0 N , the noise covariance matrix becomes
Data detectors

Single user matched filter bound (SU-MFB)
The matched filter (MF) receiver in matrix notation was derived in e.g. [6] . In this section, we will adapt the notation of [6] 
With (10) and with the detected data vector
the MF output is given by
.
In order to evaluate the signal-to-noise ratio (SNR) at the MF output and, consequently, the error ratio performance, the useful energy at the MF output, 
the transmitted data vector is given by
With (17), the useful energy at the output of the matched filter is given by
Secondly, the disturbance energy at the MF output,
, shall be determined. The best possible performance can be obtained when the transmitted data vector is equal to the all-zero vector and the noise vector is non-zero vector. The corresponding situation yields the single user matched filter bound (MFB). We yield
the SNR at the MF output is
According to (21), the single user MFB is governed by the the average energy of a transmitted data symbol, the single-sided power spectral density 0 N and the channel coefficients, associated with the link between the T k th transmit antenna and each one of the R K receive antennas. (21) reflects the absence of ISI and represents an ideal diversity receiver with coherent reception.
Maximum-likelihood sequence detector (MLSD)
The optimum receiver for the transmission of the data vector l d given in (6) is the maximum likelihood sequence detector (MLSD)
arg max Re ,
The MLSD of (22) 
Block linear equalizers (BLEs)
Block linear equalizers (BLEs) [5] have the lower processing efforts compared with MLSD for MIMO-OFDM system. Two variants of BLEs, zero-forcing (ZF) and minimum mean squared error (MMSE), are preseneted here, yielding the two equalizer types ZF-BLE and MMSE-BLE.
The general structure of the characteristic receiver equation for BLEs is given by (23) has the following properties:
In (24), we use the Wiener filter
When determining the useful energy,
, of a BLE, we set out from (17) and yield
The disturbance energy, 
With (26), (27) and 1 , l l − C being equal to Wiener filter 0 W , the SNR at the MMSE-BLE output is expressed as
The SNR at the ZF-BLE output can be derived from (28) by substituting
Hence, the detection of the remaining symbols can be improved. The detection procedure, as the four steps given above, is then repeated with the new vector
. This procedure is repeated until all data symbols have been detected. In the later detection iteration, the remaining symbols will have less interference, more diversity gain, therefore yield better detection results.
Simulation results
Performance evaluation and comparison between previous discussed different MIMO-OFDM compliant data detectors within the UTRA LTE compliant simulating envrionment are presented in this section. Following the parameters for UTRA LTE system [1] , [2] , each OFDM subcarrier experiences flat Rayleigh fading. Therefore detection of symbols will be carried out in the subcarrier specified Sub-MIMO system, independently. Uncoded transmission results are addressed here to identify the effects of the various detectors more easily than in the case of coded transmission. 10 log E N . In Fig. 1 , the results for QPSK are shown, whereas Fig. 2 shows the performance obtained in the case of 16-QAM. The considered receiver schemes are the BLE detectors, SIC detectors, MLSD and the single-usr MFB discussed in Sect. 0. Fig. 2 . Uncoded BER for 16QAM modulation, 2x2-MIMO, 3GPP SCM-A channel model [1] In the case of SIC detectors, both the realistic decision feedback (RDFE), i.e. the feedback of the detected data symbols, and the perfect decision feedback (PDFE), i.e. the feedback of the transmitted data symbols made known by a "magic genie" device, are considered. As expected, the MMSE detectors perform better than the ZF versions in various detector types.
According to Fig. 1 
10
− than the SIC-ZF RDFE. All of the given results in Fig. 1 and Fig. 2 with SIC detectors include the optimal detection ordering.
Conclusions
In this manuscript, the authors discussed spatial multiplexing as a means to increase the data rate. Furthermore, different SM receiver structures, were illustrated and their performance were analyzed in simulations for UTRA LTE system. It was found that the SIC-MMSE outperforms the V-BLAST scheme and the two BLE detectors. Although the SIC-MMSE cannot provide reception as robust as in the case of spatial ML receivers, it allows a beneficially low implementation complexity and therefore is a viable candidate for terminals using MIMO techniques.
